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known as lithium formate) is a suitable practical dosimeter. [3] [4] [5] Lithium formate dosimeter has many advantages such as little signal fading at normal atmospheric conditions, no angular dependence and linear response over a wide range (0.1 Gy to 100 kGy). Effective atomic number of lithium formate is 7.3 compared to 7.4 for water and is 5-6 times as sensitive as alanine dosimeter. [6] Lithium formate dosimeter is often being used for the measurements around brachytherapy sources. [7] [8] [9] [10] The purpose of this study is to calculate K QQ0 (r) and K phan (r) for lithium formate EPR dosimeter for high-energy brachytherapy sources 169 Yb, 192 Ir, 137 Cs, and 60 Co. This study also includes comparison of K QQ0 (r) and K phan (r) values of lithium formate detector with the previously published values of other solid-state detectors such as diamond and LiF at 60 Co, 137 Cs, and 192 Ir energies. [1, 2] Investigation of K QQ0 (r) and K phan (r) values of Li 2 B 4 O 7 detector at 169 Yb energies is also included in the present study for comparison against lithium formate. The EGSnrc-based [11] user-codes DOSRZnrc and FLURZnrc [12] are used in the study.
It must be noted that K phan (r) values for different detectors as reported in our previously published studies [1, 2] at 60 Co, 137 Cs, and 192 Ir energies were based on phantom dimensions of 40 cm diameter × 40 cm height, whereas in the present study involving lithium formate detector, the phantom dimensions involved are 160 cm diameter × 160 cm height for 60 Co, and 80 cm diameter × 80 cm height for 137 Cs, 192 Ir, and 169 Yb. This approach is consistent with the guidelines on phantom dimensions recommended in the report of AAPM and ESTRO. [13] Hence, we repeated the calculations of K phan (r) for diamond, Li 2 B 4 O 7 , and LiF at 60 Co, 137 Cs, and 192 Ir energies for a meaningful comparison against lithium formate. It is found that phantom dimensions do not significantly affect the correction factors; hence, it is not discussed in this study.
MaterIals and Methods

Radioactive sources, dosimeter, and phantom materials
The brachytherapy sources investigated in this study are BEBIG high-dose rate (HDR) 60 Co (model Co0.A86), [14] 137
Cs (model RTR), [15] HDR 192 Ir (model MicroSelectron), [16] and HDR 169 Yb (model 4140). [17] The photon energy spectra of 169 Yb and 192 Ir needed for the Monte Carlo calculations were taken from literature. [17, 18] For the 60 Co source, two gamma lines 1.17 MeV and 1.33 MeV were considered. For the 137 Cs source, a photon of energy 0.662 MeV was used. The solid phantom materials investigated are polymethylmethacrylate (PMMA), polystyrene, solid water, virtual water, plastic water, RW1, RW3, A150, and WE210. Table 1 presents the elemental composition, <Z/A> (electron density), and ρ (mass density) of the investigated phantom materials including water. The atomic composition and density details of RW1 and virtual water phantoms were taken from the published studies. [19, 20] The data on the remaining phantoms were taken from a study by Seco and Evans. [21] Beam quality and phantom scatter corrections As described in the published study by Selvam et al., [1] K QQ0 (r) and K phan (r) can be calculated at a brachytherapy beam quality Q for solid-state detectors using the following relations:
Here, D w, Q (r) and D det, Q (r) are the absorbed dose to water and absorbed dose to detector in liquid water at a distance r along the transverse axis of the photon emitting brachytherapy source of beam quality Q, respectively. D w, Q0 and D det, Q0 are the absorbed dose to water and absorbed dose to detector in water at the reference beam quality Q 0 (realistic 60 Co teletherapy beam), respectively. D det, phan, Q (r) is the absorbed dose to detector in the solid phantom at r from the brachytherapy source of beam quality Q.
Monte Carlo calculations
The Monte Carlo calculations of absorbed dose to lithium formate in water and in solid-water phantoms were based on the FLURZnrc user code. [12] As described in the previously published studies, [1, 2] the photon fluence spectrum was scored along the transverse axis of the source (r = 1-15 cm) in 0.5 mm high and 0.5 mm thick cylindrical shells. The fluence spectrum was converted to collision kerma to water and detector materials by the use of the mass energy-absorption coefficients of water and the detector, respectively. [22] In the calculation of the collision kerma to detector, no detector was present. We assumed that the presence of the detector did not affect the photon fluence spectrum and the collision kerma may be approximated to absorbed dose. To verify this, we carried out auxiliary simulations using the DOSRZnrc user code, [11] in which the detector was positioned at 1 and 15 cm along the transverse axis of the 60 Co source in the PMMA phantom. The values of the absorbed dose to detector obtained at 1 cm and 15 cm were compared with the values of the collision kerma of the detector (agreement was within 0.3%). This suggests that FLURZnrc user code can be used for calculating K QQ0 (r) and K phan (r). Calculation of D w, Q0 / D det, Q0 ratio is based on mass energy-absorption coefficients of water and detector material at 1.25 MeV, guided by the previously published studies. [1, 2] The values of the Monte Carlo parameters AE, AP, ECUT, PCUT, and ESAVE used in the FLURZnrc calculations were 0.521, 0.01, 0.01, 2, and 2 MeV, respectively. In the case of DOSRZnrc calculations, the value of ECUT used was 0.521 MeV (10 keV kinetic energy of electrons) and the values of other parameters were the same as that used in the FLURZnrc simulations. The parameters AE and AP were the low-energy thresholds for the production of knock-on electrons and secondary bremsstrahlung photons, respectively. The parameters ECUT and PCUT are electron and photon transport cutoff, respectively. ESAVE is a parameter related to the range rejection technique. Up to 10
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, photon histories were simulated. The 1-σ statistical uncertainties on the calculated absorbed dose and collision kerma values were about 0.2%. The statistical uncertainties on the calculated values of K QQ0 (r) and K phan (r) were <0.5%.
results and dIscussIon
Beam quality correction, K QQ0 (r) 
Phantom scatter correction, K phan (r)
The collision kerma to the detector at a distance r from the source in a phantom is due to both primary and scattered photons. The collision kerma due to primary photons is characterized by exponential attenuation of the primary photons and the mass energy-absorption coefficient (µ en /ρ) of the detector at the primary photon energy. To understand the variations in the primary component of collision kerma, we analyzed the total linear attenuation coefficient (µ) data of photons in the energy range 10 keV-1.25 MeV for the investigated solid phantom materials and water using the state-of-the-art XCOM.
[23] Table 2 presents the values of µ for all the phantom materials for photons in the range 10 keV-1.25 MeV. Table 3 presents ratio of µ values of the phantom materials normalized to water for the above energy range. It must be noted that the predominant primary gamma lines involved in the present study are 50 keV ( photons in water and the phantom materials suggests that for photon energy 50 keV and above, phantoms other than plastic water produce comparable attenuation at 1 cm. However, at 15 cm distance, the low-energy photons (below 50 keV) show significant variations in exponential attenuation by the phantom materials (other than WE210 at 50 keV) as compared to water. For photons of energies 300 keV and above, all the phantoms other than PMMA, A150, and WE210 demonstrate a comparable attenuation as compared to water (attenuation by polystyrene is larger by 5% at 300 keV as compared to water).
The phantoms PMMA and A150 show higher attenuation than water. For example, for photon energy 1.25 MeV, PMMA and A150 phantoms demonstrate attenuation larger by factors of 1.16 and 1.11, respectively, at distance of 15 cm when compared to water. It can be noted that the above analysis of exponential attenuation of photons in the phantom materials has direct influence on the primary component of the collision kerma.
Quantification of collision kerma due to scattered photons is complex as it would depend on several factors such as fraction of photons that would undergo interactions such as photoelectric effect, Rayleigh scattering, Compton scattering, and pair production (for the photon energies investigated in the present study, pair production is not important). For example, a photon with an initial energy hv 0 making a contribution at the detector location through Compton scattering depends on the following: (a) the spatial point in the phantom at which Compton scattering occurs, (b) probability that the scattered photon passes through the detector location which includes exponential attenuation of scattered photon energy between the scattering point and the detector, and (c) mass energy-absorption coefficient of the detector material at the scattered photon energy. µ values at both primary and scattered photon energies play an important role in the response of the detector.
The following discussion is based on an analysis of macroscopic cross section data of photons based on XCOM. [23] We restricted the analysis down to the photon energy of 30 keV, as a primary gamma line 50 keV of 169 Yb, after consecutive three Compton scatterings, each scattering through a polar angle of 180°, would result in a scattered photon energy of only about 30 keV. In this analysis, we normalized the macroscopic cross sections such as photoelectric and Compton to the total cross section. We did this normalization for all the phantom materials. The normalized Compton cross sections of all the phantoms are comparable to that of water at photon energies 150 keV and above. A similar analysis shows that A150, solid water, virtual water, and WE210 are comparable to that of water in the entire photon energy range of 50 keV-1.25 MeV, and RW1 and RW3 in the energy range of 80 keV-1.25 MeV. At low energies, the phantoms such as polystyrene, PMMA, A150, plastic water, RW1, and RW3 show significantly higher values of Compton cross sections. Figure 2 presents values of Compton macroscopic cross section normalized to total cross section for the investigated phantom materials in the photon energy range 30 keV-150 keV. At 30 keV, the normalized Compton cross section values are higher by factors of 1.40, 1.20, 1.08, 1.18, and 1.15, respectively, for the phantoms polystyrene, PMMA, A150, RW1, and RW3, when compared to that of water. For solid water, virtual water, and WE210, the factor is about 0.97. Due to the presence of high atomic number elements in the plastic water, the Compton cross section at 30 keV is significantly less as compared to water (factor is 0.6). At 50 keV, the above comparison provides a factor of 1.11 for polystyrene, 1.05-1.07 for PMMA, RW1, and RW3, 1.03 for A150, and 0.99 for solid water, WE210, and virtual water.
We have also analyzed the photoelectric cross section data of all the phantom materials. The photoelectric effect is important only at low photon energies. Hence, the comparison is restricted only in the energy range of 30-100 keV [ Figure 3 ]. The analysis shows that the photoelectric cross sections are higher for phantom materials -plastic water, solid water, virtual water, and WE210. However, the photoelectric effect is important only for the 169 Yb source as its principal gamma line is at 50 keV (about 53% of total emission). At this energy, probability that the photon will undergo photoelectric effect is 0.12 for water and A150, 0.14 for solid water, virtual water, and WE210, about 0.10 for RW1 and RW3, and about 0.29 for plastic water. At 30 keV, the photoelectric effect is significant for all phantom materials. For example, the fractions of photons that will undergo photoelectric effect are 0.39 for water, 0.20 for polystyrene, 0.3 for PMMA, 0.37 for A150, 0.63 for plastic water, 0.42 for solid water, virtual water, and WE210, and 0.34 for RW1.
In the present study, Rayleigh scattering is important only at 169 Yb energies. At 30 keV, water, PMMA, and polystyrene show normalized Rayleigh cross section value of about 0.12; A150, solid water, virtual water, RW1, RW3, and WE210 show a value of about 0.10. At this energy, the normalized Rayleigh scattering cross section for plastic water is 0.08. At 50 keV, all phantoms show significantly smaller cross section than water (smaller by factor of 0.75-0.86 depending on the phantom).
In summary, the response of the detector material investigated in the present study is due to both primary and scattered photons. The primary component of the collision kerma dominates at short distances; hence, there is a tendency for all the phantom materials to be water equivalent at smaller distances. However, as the distance increases, the scatter contribution relative to primary is expected to increase as the primary component decreases due to inverse square fall in the primary photon fluence. Hence, depending on the photon source, the phantom materials having comparable values of µ (at both primary and scattered photon energies) and Compton scattering cross section with that of water are expected to be water equivalent.
It is observed that for a given source and for a given phantom, the detectors lithium formate and Li 2 B 4 O 7 exhibit similar trend of K phan (r). Hence, in graphical presentations of K phan (r), in addition to lithium formate, we included Li 2 B 4 O 7 data (see discussion).
Co source
For 60 Co source, the K phan (r) values of diamond, LiF, and Li 2 B 4 O 7 detectors are identical to that of lithium formate detector for all the investigated phantom materials. Phantoms such as polystyrene, plastic water, solid water, virtual water, RW1, RW3, and WE210 are water equivalent (i.e., K phan (r) is unity) at all distances (1-15 cm) for lithium formate detector. This is because for these phantom materials: (a) exponential attenuation of 60 Co photons at these distances are same, and (b) Compton cross section is comparable for wide range of photon energies (150 keV-1.25 MeV), whereas PMMA and A150 phantoms show increase in K phan (r) values with distance, which are presented in 
Cs brachytherapy source
Phantoms such as solid water, virtual water, RW1, RW3, and WE210 are water equivalent at all distances (1-15 cm) for lithium formate detector. Remaining phantoms such as polystyrene, plastic water, PMMA, and A150 show distance-dependent K phan (r) values, which are presented in Figure 5 . K phan (r) decreases with r for polystyrene phantom which is due to increased contribution from multiple scattered photons. At low energy, polystyrene has high Compton scattering cross section than water. For plastic water, PMMA, and A150 phantom, K phan (r) increases with r. Both PMMA and A150 phantoms have higher µ for a wide range of photon energies (40 keV-1.25 MeV). Hence, K phan (r) increases with r. For plastic water, the scatter contribution is affected by: (a) higher values of µ at low-energy photons (40-100 keV), (b) smaller Compton scattering cross section at low-energy photons, and (c) higher values of photoelectric cross section at low-energy photons. K phan (r) values of lithium formate are identical to that of Li 2 B 4 O 7 for all the phantom materials [ Figure 5 ]. For A150 and plastic water phantoms, K phan (r) values of diamond and LiF detectors are identical to that of lithium formate. However, for PMMA and polystyrene phantoms, the values differ with a maximum deviation of about 2% to that of lithium formate, which is not significant.
Ir brachytherapy source
Phantoms such as solid water, virtual water, RW1, RW3, and WE210 are water equivalent at all distances (1-15 cm) for lithium formate detector. Polystyrene, plastic water, PMMA, and A150 phantoms show distance-dependent K phan (r) values, which are presented in Figure 6 . K phan (r) decreases with r (maximum up to 0.906 at 15 cm) in polystyrene phantom. Explanation given for increases to 1.026, 1.049, and 1.10 at a distance of 15 cm for PMMA, A150, and plastic water phantoms, respectively. K phan (r) values of lithium formate are identical to that of Li 2 B 4 O 7 for all the investigated phantom materials [ Figure 6 ]. However, K phan (r) value is higher by about 3% for diamond detector and 3% smaller for LiF detector at a distance of 15 cm to that of lithium formate detector for PMMA and polystyrene phantoms.
Yb brachytherapy source
Distance-dependent K phan (r) values of lithium formate are presented in Figure 7 for all the investigated phantom materials. For a given r, phantoms such as solid water, virtual water, and WE210 show statistically identical values of K phan (r). This is because at 169 Yb energies, Compton is the predominant interaction and the cross section values of these phantoms are comparable. As the distance increases, K phan (r) increases to about 1.07 for these phantoms. Phantoms such as PMMA, polystyrene, RW1, and RW3 show decrease in K phan (r) values with r. However, RW1 and RW3 phantoms show a similar trend, as these two phantoms have comparable µ values and Compton cross section at the 169 Yb energies. For PMMA, K phan (r) decreases initially, from 0.988 to 0.901 when r is increased from 1 cm to 5 cm, and thereafter it is almost constant with a value of about 0.90. For PMMA, at 169 Yb energies, values of µ and Compton scattering cross section are higher when compared to water. It appears that scattering is a major contributor of K phan (r) than the exponential attenuation of primary photons for PMMA. Although values of µ and Compton scattering cross section for A150 phantom are comparable to that of PMMA, A150 shows a different trend in K phan (r) values. K phan (r) is constant (about 0.98) up to r = 6 cm and thereafter it increases to 1.06 at r = 15 cm. Thus, there is a tendency of compensation of exponential attenuation of primary photons by scatter contribution up to a distance of about 10 cm and thereafter exponential attenuation of primary photons is a major contributor of K phan (r). This is because density of PMMA (1.19 g/cm 3 ) is higher than A150 (1.127 g/cm 3 ) which results in more number of atoms present in PMMA than in A150. As a result, there will be more number of electrons present in PMMA than in A150 which enhances number of Compton scattering events comparatively more in PMMA.
For polystyrene, degree of decrease in K phan (r) with r is significant (about 36% smaller than unity at 15 cm). This is because for this phantom: (a) µ values at 50 keV are smaller than water, and (b) Compton scattering cross section is higher than water. The plastic water phantom shows increase in K phan (r) values with r. The degree of increase is significant for plastic water phantom (about 52% at a distance of 15 cm). This is because for this phantom at typical energy 50 keV of 169 Yb: (a) µ values are higher than water (factor is 1.24), (b) Compton scattering cross section is smaller than water (factor is 0.80), and (c) photoelectric cross section is higher by a factor of 2.34. K phan (r) values of diamond detector are higher by 6% and 11% for PMMA and polystyrene phantoms, respectively, to that of lithium formate detector at a distance of 15 cm, whereas for plastic water phantom, it is lower by 10% as compared to lithium formate detector. For LiF detector, K phan (r) values are lower by 4% and 7% for PMMA and polystyrene phantoms, respectively, to that of lithium formate detector. However, for plastic water phantom, it is higher by 9% as compared to lithium formate detector.
Effect of angular dependence on the correction factors
This work also includes the study of angular dependence effect on the correction factors. An auxiliary simulation was carried out, in which beam quality and phantom scatter corrections were obtained for different radial distances (r = 1, 2, 5, 10 cm) and polar angles (from 0° to 90° in an increment of 10°). The calculated data were normalized to the transverse axis data. The results showed that lithium formate and Li 2 B 4 O 7 did not show angular dependence for any of the investigated sources. 
